Introduction
Since the advent of high quality ceramic Nd:YAG [1] [2] [3] [4] [5] in the end of last century, the tremendous progress in technol− ogy and applications of ceramic materials in laser technol− ogy has been observed up to nowadays . Two types of ceramics processing were successfully demonstrated: l "wet" method developed by Yanagitani and Ueda group [4] [5] [6] [7] [8] , l "dry" method developed by group of Ikesue and Taira [1] [2] [3] 9] . The ceramics made of polycrystalline Y 3 Al 4 O 12 [1] [2] [3] [4] [5] 14, 15, 32, 33] , Lu 3 Al 4 O 12 [13] , Y 2 O 3 [6, 8, 16, 18, 19, 21, 22] , and Y 3 ScAl 4 O 12 [9] doped with neodymium, ytterbium, chro− mium, and erbium were prepared and showed excellent per− formance in experiments. The optical ceramics can be pro− duced till now from the cubic crystals, however, intensive ef− forts are continued to produce ceramics from anisotropic crystals as vanadates or sapphires. Some other crystalline ma− trices as semiconductors, e.g., ZnSe [10] , or fluorides [11] have been processed in the ceramics form in last years. In the same time, the basic investigations of optical, laser, thermal and mechanical properties of Nd:YAG ceramics were carried out.
For the Nd:YAG ceramics of matured technology their benefits in comparison to the crystalline Nd:YAG can be summarized as follows [33] : Several types of efficient diode pumped lasers made of ceramic materials as microchips [23] , composite Q−swit− ched lasers [31] , mode−locked lasers [13, 21, 22, 24] , high power oscillators [25, 26, 30, 32] were demonstrated. Due to unique properties of advanced engineered ceramic Nd:YAG square slabs produced by Konoshima, the highest reported power of 67 kW in 2×diffraction limits was demonstrated in 2006 [32] .
The aims of this paper were short description of applied technology and preliminary characterization of the ceramics elaborated at the Institute of Electronic Materials Technol− ogy. In Sect. 2, brief description of applied technology is given. In the next Sect., the results of optical and laser characterisation are presented.
powder purchased from Taimei TM−DAR 4836 (Japan), with a mean crystallite size about 190 nm and a specific area of 13.2 m 2 /g and high−purity (5N) neodymium oxide powder purchased from Auer Remy with 40−nm mean crys− tallite size. Yttrium oxide nanopowder (XRD crystallite size of 79 nm) was produced by precipitation from aqueous solution of high−purity hydrated nitrate, by means of am− monium hydrogen carbonate. The precursor precipitate was obtained by adding a solution of yttrium nitrate into 1.5M ammonium hydrogen carbonate at a speed of 7 ml/min un− der energetic stirring at room temperature. The precipitate was washed repeatedly with deionized water and finally with alcohol to remove the NO 3 -anions. After washing, the resulting product was dried and calcined in air for two hours at a temperature of 1100°C, yielding agglomerated yttria powder. Aluminum, yttrium and neodymium oxides were added of 0.5 mass% of tetraethyl orthosilicate (TEOS), mixed by attrition milling (2−mm alumina balls in ethyl alcohol) and granulated. Granulated powder was uni− axially pressed into disc and slabs in a steel die and then densified by cold isostatic pressing at 120 MPa. Pressed discs and slabs were sintered in a Balzers MOV furnace at 1750°C, under a vacuum of 1.3×10 -3 Pa, for 6-30 hours. Sintered samples were decoloured by heating in air atmo− sphere, at 1500°C for one hour. Sintered and decoloured samples were grinded and polished for transparency and grain size measurements. Mean grain sizes of 2% Nd:YAG samples were about 20 µm (see Fig. 1 ) and transparency was a bit worse that of 0.9% Nd:YAG single crystal. The microstructure of transparent Nd:YAG ceramics was investigated by scanning electron microscope (SEM) and high resolution transmission electron microscope (TEM). Figure 2 reveal an area of grain contacts and in Fig. 3 grain boundary thickness may be evaluated. This thickness is fairly below 5 nm.
Characterization of ceramic Nd:YAG samples
The aim of investigations was to characterize optical and la− ser properties of prepared Nd:YAG ceramic samples and to estimate their quality. For comparison we examined in the same set up the 1% Nd:YAG crystal of 5 mm length and 3 mm diameter with AR coatings on both facets. All tested ceramic samples have the 2.9−mm length and 4−mm diame− ter without AR coatings. The absorption spectra of all exam− ined samples were registered in Lambda 900UV/VIS/NIR spectrometer with 0.1−nm resolution. The absorption/ex− tinction coefficients (after taking account 0.162 transmis− sion decrease due to Fresnel reflections) were presented in Fig. 4 . As you can see, the extinction coefficient a at 1064−nm wavelength is 0.32 cm -1 for the best case and near 0.7 cm -1 for the worst case for ceramics prepared in our lab− oratory, whereas for the best samples of ceramics it is lower than 0.005 cm -1 [32, 33] .
In 
Laser characterization in end-pumping configuration
The simple linear cavity consisted of flat rear mirror, exam− ined sample (under normal incidence) and output coupler mirror of 1−m curvature radius and 20%−transmission was set up for laser characterization (see Fig. 6 ).
The pumping beam of 20−W fiber coupled laser diode after passing through re−imaging 2−lens optical system and dichroic rear mirror was focused inside the gain medium. The pump beam size (approximately 0.5−mm diameter cor− responding to about 2−mm caustics length inside the sam− ple) and spectrum were matched to obtain the maximum output at 1064−nm wavelength. The samples inside wa− ter−cooled copper heat sinks were mounted at the x−y stage with two q x , q y are the angular movements to enable local− ization of the best regions in the samples and precisely alignment the samples to partially eliminate Fresnel reflec− tions. In the same set up we have observed far field distribu− tions of output beam after two reflections on optical glass wedges and focusing by means of 500−mm focal length lens.
For comparison of samples with several passive losses we have chosen, as the output coupler, the mirror of 1−m ra− dius of curvature and 20%−transmission. The cavity length was 45 mm which corresponds to 0.265−mm waist radius and 2.56−mrad full divergence angle. The estimated mode matching efficiency was near one. We have used low duty factor quasi−cw pumping regime (1−ms pump duration for 20−Hz repetition rate) to eliminate the thermo−optic effects.
Because of different effective dopant levels of the exam− ined samples, firstly, we have measured the absorption effi− ciency. Further, we have aligned cavity and we were look− ing for the best sites on the sample with respect to the maxi− mum output at 40−A drive current corresponding to 20 W of instantaneous incident pump power. The energetic charac− teristics measured for two samples (S1−2 and S1−2−5) were shown in Fig. 7 together with characteristics of a good qual− ity laser element made of 1% Nd:YAG crystal. The results of measurements of samples were collected in Table 1 .
Let us notice that the samples were tested only with low heat load, thus we had not the possibility to estimate thermo−optic properties of the examined elements, being one of the important measures of laser element quality. Moreover, the rods had non perfect plane parallel facets. The small wedge of part of mrad was typical, thus the addi− tional losses caused due to interference at two inclined fac− ets having Fresnel reflection of 8% each occurred. In the last part of investigations we have measured the spatial distribution of output beam for the sample S1−2 (see Figs. 8 and 9 ). As you can see, the output beam was slightly asymmetric (1:1.15) as a result of a small wedge of the elab− orated sample. The estimated M 2 value (M 2 »q real /q 0 ) was less than 1.4, mainly because of a narrow pumping beam. The thresholds of all three samples were comparable. The near two times higher slope efficiency of 56% for Nd:YAG crystalline sample was caused mainly as a result of its very low insertion losses (< 0.05) whereas for the best ceramic sample we achieved 30.5% slope efficiency.
Preparation and characterization of transparent

Laser characterization of ceramic Nd:YAG slab in side-pumping configuration
The scheme of Nd:YAG slab laser [34] [35] [36] , side pumped by 2D fast axis collimated diode laser stack, is shown in Fig. 10 . The triangle, single reflection Brewster cut slab of dimensions: 18−mm basis length and 5−mm height was made of Nd:YAG ceramic of nominal 2% dopant (the same as the sample S1−2). Such a laser element was pumped by 2D laser diode consisting of six bars with a vertical pitch of 1.7 mm and a horizontal width of 10 mm, emitting up to 110−mJ energy in 200−µs pulses at 808−nm wavelength with a repetition rate of 15 Hz. The fast axis collimated array of six pump beams after passing through relay optics is fo− cused onto the slab basis. The pump beam incident at slab basis has elliptical spot of 0.28×2.14 mm 2 size well matched to the size of TEM 00 laser mode (aspect ratio of 3) totally re− flected at this plane. We have arranged the 85−mm long linear optical resona− tor consisting of a 1−m radius of a concave rear mirror (1−m radius of curvature) and a plane output coupler (see Fig. 10 ). We used output couplers of 35%, 50%, and 60% transmis− sion for investigation of free running mode laser perfor− mance. The results of characterization in free−running were shown in Fig. 11 . High threshold of above 170 W of inci− dent pump power and low slope efficiency of 3.5% indi− cates that such a laser exhibits significant level of passive losses. Let us notice that for the same pump unit we have demonstrated above 150−W output with more than 50%−slope efficiency in separate experiments taking as a gain medium the slab of the same dimensions but made of YAG single crystal of 1% Nd dopant.
The much worse results comparing to the end−pumped laser with Nd:YAG ceramic rod, presented in Sect. be explained as follows. The total double path length of a la− ser mode through the slab is about 2 cm (i.e., three times greater comparing to the rod) thus, the passive losses are considerable larger. Moreover, the pump beam density is lower and laser mode area larger thus, the role of voids and pores in the volume of ceramic is much more detrimental. The applied pumping scheme did not offer the possibility of a choice of the best path with respect of minimal voids con− centration, similarly as in a case of end pumping experi− ments because of much higher mode volume of laser mode inside a slab.
Conclusions
Nd:YAG ceramics of nominal 1% and 2% Nd dopant were produced by a solid−state reaction of high−purity (4N) nanometric oxides powders, i.e., Al 2 O 3 , Y 2 O 3 , and Nd 2 O 3 . Yttrium oxide nanopowder (XRD crystallite size of 79 nm) was produced by precipitation from an aqueous solution of high−purity hydrated nitrate, with ammonium hydrogen car− bonate. The cold isostatic pressing method was applied to prepare the densified samples with the granulated powder. The final Nd:YAG ceramics were obtained by vacuum sintering and decoloured by annealing in air. Mean grain sizes of about 20 µm and grain boundaries less than 5 nm of Nd:YAG ceramic samples were evaluated in SEM and TEM measurements. In microscale, the quality of obtained ce− ramic was quite satisfactory. However, in macroscale, the samples had unacceptable level of voids and pores observed in visual inspection, which resulted in low 76% transmis− sion, corresponding to extinction coefficient of 0.32 cm -1 at 1064−nm wavelength. The sizes of defects, pores, and inclu− sions were of a few dozen microns. The active elements of rod and slab shape were fabri− cated and characterized in two diode pumping laser set ups. In end pumping configuration, as a pump source 20−W fiber coupled laser diode was deployed. For the low duty cycle pumping (1 ms/20 Hz), above 30% slope efficiency was achieved. In the best case, 3.7 W of output power for 18 W of pump power, with M 2 < 1.4 were demonstrated for un− coated ceramics rod of f 4×3 mm size. In case of triangle Brewster slab made of ceramic Nd:YAG, the side pumping scheme was arranged with 600−W 2D laser diode stack as a pump source. Above 12 W of output power was demon− strated with the slope efficiency of 3.5% in preliminary ex− amination. The much worse efficiency of a slab laser can be explained by the higher passive losses as a result of three times longer roundtrip length through the slab comparing to the rod. In both cases, the pumping beam size was not opti− mized with respect to maximum output power. Moreover, we have used uncoated elements, thus the significant in− crease in laser parameters for optimized pumping conditions and samples with anti−reflective coatings can be achieved.
We can conclude that the parameters of prepared ceram− ics at this stage of technology are unsatisfactory for laser ap− plication. However, the results of TEM measurements and laser characterizations seem to be quite promising. The sev− eral ways of improvement in applied technology including annealing and purification techniques will be examined in the near future to improve the quality of Nd:YAG ceramic. Moreover, additional optical examinations including interferometric, polarimetric techniques will be carried out to complimentary characterize the properties of obtained ceramic Nd:YAG samples.
